response and transmitter release during atonia elicited by medial medullary stimulation. . Activation of the medial medulla is responsible for rapid eye movement (REM) sleep atonia and cataplexy. Dysfunction can cause REM sleep behavior disorder and other motor pathologies. Here we report the behavioral effects of stimulation of the nucleus gigantocellularis (NGC) and nucleus magnocellularis (NMC) in unrestrained cats. In waking, 62% of the medial medullary stimulation sites suppressed muscle tone. In contrast, stimulation at all sites, including sites where stimulation produced no change or increased muscle tone in waking, produced decreased muscle tone during slow-wave sleep. In the decerebrate cat electrical stimulation of the NGC increased glycine and decreased norepinephrine (NE) release in the lumbar ventral horn, with no change in ␥-aminobutyric acid (GABA) or serotonin (5-HT) release. Stimulation of the NMC increased both glycine and GABA release and also decreased both NE and 5-HT release in the ventral horn. Glutamate levels in the ventral horn were not changed by either NGC or NMC stimulation. We conclude that NGC and NMC play neurochemically distinct but synergistic roles in the modulation of motor activity across the sleep-wake cycle via a combination of increased release of glycine and GABA and decreased release of 5-HT and NE. Stimulation of the medial medulla that elicited muscle tone suppression also triggered rapid eye movements, but never produced the phasic twitches that characterize REM sleep, indicating that the twitching and rapid eye movement generators of REM sleep have separate brain stem substrates.
I N T R O D U C T I O N
The rostral medial medulla, including the dorsally located gigantocellularis (NGC) and the ventrally located magnocellularis (NMC) nuclei, has been implicated in the modulation of motor activity. Electrical and chemical stimulation of these regions suppresses reflex activities and muscle tone in decerebrate animals (Hajnik et al. 2000; Karlsson and Blumberg 2005; Kohyama et al. 1998; Lai and Siegel 1988; Lai et al. 1987; Magoun and Rhines 1946) . Siegel et al. (1979) and Kanamori et al. (1980) reported that a group of neurons in the medial medulla increases activity during muscle tone reductions in rapid eye movement (REM) sleep and waking. Damage to this region increases tonic muscle tone during REM sleep (Holmes and Jones 1994; Schenkel and Siegel 1989) . Thus the medial medulla has been hypothesized to be involved in the generation and maintenance of REM sleep atonia (Sakai et al. 1981; Siegel 1979) . In contrast, Sprague and Chambers (1954) reported that electrical stimulation of the medial medulla increases motor activity in awake, chronic animals. However, rapid suppression of muscle tone with stimulation of the medial medulla in sleep in intact, unrestrained behaving animals has not been reported. The goal of the first part of our study was to address the functional role of the medial medulla in the control of motor activity across the sleep-wake cycle.
Chase and colleagues (1986) found that electrical stimulation of the NGC hyperpolarizes spinal and trigeminal motoneurons during natural REM sleep or the REM sleeplike state induced by pontine microinjection of carbachol. They also found that this hyperpolarization can be blocked by iontophoretic injection of the glycine receptor antagonist, strychnine, but not by the ␥-aminobutyric acid type A (GABA A ) receptor antagonists, picrotoxin or bicuculline (Chase et al. 1986; Soja et al. 1987) . They hypothesized that glycinergic mechanisms play an important role in the NGC's regulation of muscle tone in REM sleep. The neurochemical mechanism underlying NMC's suppression of muscle tone remains unclear. We have demonstrated that muscle atonia induced by carbachol injection into the pontine inhibitory area (PIA) can be reversed by injection of the glutamate receptor antagonist ␥-D-glutamylglycine into the NMC in the decerebrate cat (Lai and Siegel 1988) . This indicates that activation of the NMC via a glutamatergic mechanism is required for muscle atonia induced by stimulation of the PIA. Indeed, electrophysiological studies demonstrated that REM-ON neurons in the pons project to the NMC, which in turn projects to the spinal cord (Kanamori et al. 1980; Sakai et al. 1981) . Our previous studies showed that activation of the PIA increases GABA and glycine release and decreases norepinephrine (NE) and serotonin (5-HT) release into the ventral horn (Kodama et al. 2003; Lai et al. 2001) . This work therefore suggests that activation of the NMC may mediate aspects of this pattern of neurotransmitter release.
M E T H O D S
Twenty-five adult cats of either sex, weighing 2.5-3.5 kg, were used, 12 for the chronic behavioral study and 13 for the decerebrate dialysis study. All experimental procedures were approved by the Animal Research Committee of the VA Greater Los Angeles Healthcare System. administered subcutaneously) to induce anesthesia, and then, a mixture of ketamine and diazepam (10/1 mg/kg, administered intravenously [iv]) for tracheal intubation. The trachea was intubated with an endotracheal tube to supply isoflurane (1.5%) and facilitate the monitoring of respiration. Stainless steel screw electrodes were implanted for electroencephalogram (EEG) and electrooculogram (EOG) recording. Stranded stainless steel wires (A-M Systems, Carlsborg, WA) were inserted into the dorsal neck muscles for electromyographic (EMG) recording and tripolar electrodes were implanted into the lateral geniculate body for ponto-geniculo-occipital (PGO) wave recording. Five pairs of 23 gauge stainless steel guide cannulae were placed straddling the midline at the medullary level. The tips of guide cannulae were placed 1.0 mm dorsal to the cerebellar surface.
One week after recovery from surgery, animals were adapted to a sound-proof, temperature-and humidity-regulated recording chamber with lights on at 7 am and off at 7 pm. A bipolar electrode (SNE-100, 2 M⍀ AC impedance; Rhodes) was inserted through one of the guide cannulae into the medial medulla for electrical stimulation 1 h before the experiment. Electrical stimulation consisted of 300-to 700-ms trains of 0.2-ms rectangular cathodal pulses. The intensity of stimulation was varied from 10 A to 150 A using the minimal level required for eliciting change in muscle tone. The frequency of stimulation was 100 -150 Hz (Lai et al. 1987) . Electrical stimulations were administered during waking, slow-wave sleep (SWS), and REM sleep. Sleep-wake states, which were determined according to Ursin and Sterman (1981) , were recorded through a Grass polygraph (Model 78E, Astro-Med, West Warwick, RI). EEG (1-100 Hz), EOG (1-100 Hz), EMG (100 -1,000 Hz), and PGO (1-100 Hz) signals were amplified by a Grass preamplifier (Model 7P511J). EMG signals were also integrated through a Grass polygraph integrator (Model 7P10F). All recordings were displayed on a polygraph and recorded on FM magnetic tape for later analysis.
Preparation for in vivo microdialysis in the decerebrate animal
Animals were first anesthetized with thiopental (20 mg/kg, iv) for tracheal intubation. They were then given isoflurane (1.5%) for arterial cannulation and decerebration at the precollicular-postmammillary level. Laminectomy was performed on the lumbar vertebral segments, L 4 -L 6 , to expose the lumbar 7 and sacral 1 spinal cord for insertion of dialysis probes. Isoflurane was then discontinued. EMGs were recorded from the neck (occipitoscapularis and splenius) muscles using bipolar electrodes, as described in the chronic study. Blood pressure was measured through a Gould-Statham pressure transducer. Mean arterial pressure was kept at Ͼ80 mmHg. Rectal temperature was maintained at 37.5 Ϯ 1°C by a heating pad controlled by a thermoregulator.
Delivery of 500-ms trains with 100-Hz, 0.2-ms, and 10-to 40-A rectangular cathodal pulses was through stainless steel microelectrodes (Model 5710, AC impedance: 5 M⍀; A-M Systems) in the NGC and NMC. Train stimulations were delivered into the brain stem every 10 s over a period of 5 min. Microdialysis probes were inserted into the spinal ventral horn bilaterally 2 h before sampling. These probes (59 -7005; Harvard Apparatus, South Natick, MA) had a tip length of 2 mm. Microdialysis probes were perfused with artificial cerebrospinal fluid (Harvard Apparatus) at a flow rate of 4 l/min using an infusion pump (EPS-64; Eicom, Kyoto, Japan). Dialysates were collected for 5-min intervals during the prestimulation, stimulation, and poststimulation period. Dialysates were kept under acidic conditions (pH 3.5). The collecting polypropylene tubing was kept at 10°C and the dialysate was stored at Ϫ80°C, until analysis.
HPLC analysis
AMINO ACIDS ASSAY. The concentration of amino acid in the perfusate was measured by high-performance liquid chromatography (HPLC;
EDT-300, Eicom), with fluorescence detection (Soma S-3350; excitation at 340 nm, emission at 440 nm), and quantified with a PowerChrom (AD Instruments, Sydney, Australia) using external amino acid standards (Sigma, St. Louis, MO). Precolumn derivatization was performed with o-phthaldialdehyde/2-mercaptoethanol by an autosampler (Model 231XL; Gilson) at 10°C for 3 min. The derivatives were then separated in a liquid chromatography column (MA-5ODS; Eicom) at 30°C with 30% methanol in 0.1 M phosphate buffer (pH 6.0), being degassed by an on-line degasser (DG-100; Eicom). The detection limits for glutamate, GABA, and glycine were 20 femtomoles (fmol).
NOREPINEPHRINE AND SEROTONIN ASSAY. The norepinephrine (NE) and serotonin (5-HT) levels in the dialysates were determined by HPLC with electrochemical detection (450 mV; DTA-300, Eicom). The mobile phase for 5-HT consisted of 80% 100 mM phosphate buffer (pH 6.0) and 20% methanol, containing 500 mg/L octanesulfonic acid and 50 mg/L EDTA-2Na. To detect NE, a mobile phase of 95% 100 mM phosphate buffer (pH 6.0) and 5% methanol, containing 400 mg/L octanesulfonic acid and 50 mg/L EDTA-2Na was used. The detection limit of our analysis system for NE and 5-HT was 0.5 fmol per 20 l injection.
Histology
In chronic animals, an anodal DC (50 A, 19 s) was applied through the stimulation electrode at the most ventral level. The same current was applied into the NGC and NMC in the decerebrate cat. Cats were deeply anesthetized (sodium pentobarbital, 100 mg/kg, iv) and perfused intracardially with saline, followed by 10% formalin buffer solution. Brain tissues were removed and kept in 30% sucrose in 10% formalin buffer solution. Serial sagittal sections (brains from the chronic study) and coronal sections (brains from decerebrate dialysis study) were cut at 40 m and then stained with neutral red. Iron deposited at stimulation sites was identified with potassium ferrocyanide staining.
Data analysis
To determine the latency of stimulation-induced suppression of muscle tone in the chronic animal, trains with 300-ms duration were applied into the medulla and EMG changes were measured by stimulus-triggered averaging. Rectified and digitized EMGs were collected on a computer and averaged over a 500-ms period, from 100 ms before the stimulation to 100 ms after it, with a bin width of 100 s. The latency of medullary stimulation-induced suppression of muscle tone was defined as the point when the EMG first fell to 2SD below the prestimulus baseline level (Fig. 1 ). Data from sites stimulated during waking, SWS, and REM sleep were used to analyze the relationship between sleep states, stimulation intensity, and the magnitude of muscle tone suppression. In the microdialysis experiment, baseline measures were taken from three samples prior to stimulation, during stimulation, and two samples after stimulation. The baseline and poststimulation values were averaged for each experiment, producing three values for each experiment, baseline, stimulation, and poststimulation. Statistics were performed on these data across experiments by ANOVA and follow-up Student's t-test. For graphical presentation, the changes in neurotransmitter release in the ventral horn were converted to a percentage of the baseline level. Baseline SD values were calculated from the individual animal means.
R E S U L T S
Electrical stimulation across the sleep-wake cycle in the chronic cat (medial medulla; Fig. 2A ), whereas the remaining 34 were between 1 and 2 mm from the midline (medial-lateral medulla; Fig. 2B ).
ELECTRICAL STIMULATION DURING WAKING. Of the 92 sites in the medial medulla, electrical stimulation in 57 sites (62%) produced bilateral suppression of muscle tone followed by either an increase in muscle tone beyond baseline levels (16 cases) or a return to baseline levels (41 sites). The remaining 35 sites produced contralateral inhibition and ipsilateral facilitation (14 sites) or contralateral inhibition with no change in ipsilateral muscle tone (21 sites).
In contrast, only 9 of 34 sites (26%) located between 1 and 2 mm from the midline produced bilateral muscle tone suppression followed by either poststimulation facilitation (6 cases) or a return to baseline levels (3 cases). When stimulation was applied to the remaining 25 sites located between 1 and 2 mm from the midline, bilateral muscle tone facilitation (6 sites), no change in muscle tone bilaterally (6 sites), and contralateral muscle tone inhibition with ipsilateral facilitation on the side of stimulation (13 sites) were seen.
The magnitude of muscle tone suppression at medial medullary sites producing bilateral suppression was found to be stimulation intensity dependent [ANOVA, F (5, 20) ϭ 154.74, P Ͻ 0.01; Fig. 3 , bottom]. A 300-ms low-intensity (Ͻ15 A) train of 100-Hz pulses produced no detectable muscle tone change. Similarly, this stimulation failed to elicit eye movement. However, a higher intensity stimulation (60 A) generated muscle tone suppression and eye movement at sites in both NGC and NMC (Fig. 3, top) . Increased muscle tone or twitches were never generated at sites that elicited muscle tone suppression. The latency of EMG suppression was measured at 66 of the sites from which stimulation produced muscle tone suppression bilaterally. Response latency was 31.6 Ϯ 17.8 ms and ranged from 18.3 to 46.7 ms. ELECTRICAL STIMULATION DURING SLEEP. Among the 126 sites that were stimulated in waking, 46 sites (40 sites in the medial and 6 sites in the medial-lateral medulla; Fig. 2 ) were also examined during sleep. Of these 46 sites, when tested in waking, 2 sites (located in the medial-lateral medulla) produced no change in muscle tone, 28 sites (26 in the medial and 2 in the medial-lateral medulla) elicited bilateral inhibition without after-facilitation, 11 cases (9 in the medial and 2 in the medial-lateral medulla) generated bilateral inhibition followed by facilitation, and the remaining 5 cases in the medial medulla elicited contralateral inhibition with no change in ipsilateral muscle tone.
In contrast to their responses in waking, when stimulation with the same parameters was applied during SWS, bilateral inhibition without after-facilitation occurred in all cases ( Fig. 4 ). There was a significant interaction between stimulation intensity and state (P Ͻ 0.01; Fig. 3, bottom) . The magnitude of muscle tone suppression induced by medial medulla stimulation was higher in SWS than that in waking [ANOVA, F (1,5) ϭ 445.13, P Ͻ 0.01; Fig. 3 , bottom]. During REM sleep, the same stimulation did not alter signs of REM sleep, muscle atonia, or EEG desynchronization. Eye movement was induced, but we never observed twitching or increased muscle tone when medullary sites producing inhibition in SWS were stimulated during REM sleep ( Fig. 4 ).
BEHAVIORAL RESPONSES TO STIMULATION. With optimal stimulation parameters (500-to 700-ms train, 100 Hz, and 2.5-fold threshold intensity) applied in waking to medial medullary sites producing bilateral inhibition of tone, the animal rapidly sunk to the floor, indicating a loss of muscle tone in all limbs. Suboptimal stimulation parameters produced paresis of the forelimbs when the animal was in sitting position and dropping of the head. Behavioral changes, such as arrest of walking, grooming, and playing, were seen simultaneously with bilateral suppression of muscle tone. In addition, a variety of behavioral changes including turning of the head and pinna, swallowing, opening of the mouth, extending of the neck, and standing up were found with higher stimulation intensities (more than threefold threshold). In most cases, such movements were accompanied by ipsilateral facilitation and contralateral inhibition of neck muscle tone.
The behavioral response to electrical stimulation of the medial medulla during SWS and REM sleep was also examined. Although a reduction of muscle tone was seen in polygraphic recording, no visible response to the stimulation was observed during SWS. Similarly, no visible behavioral response was seen to medial medullary stimulation during REM sleep. tested. Among them, 25 sites were located in the NGC and 20 in the NMC (Figs. 5 and 6). Dialysate collection sites were located in the ventral horn ( Fig. 7) .
In vivo microdialysis and HPLC analysis of neurotransmitter release in the decerebrate animal

MONOAMINE RELEASE IN THE SPINAL VENTRAL HORN DURING MEDUL-
LARY STIMULATION-INDUCED MUSCLE ATONIA. Electrical stimulation of the NGC and NMC in the decerebrate cat produced suppression of muscle tone, bilaterally. Changes in transmitter release into the ventral horn were found with both NGC and NMC stimulation. Electrical stimulation of the NGC elicited a significant decrease in NE release in the ventral horn (Ϫ13.9 Ϯ 5.97%, P ϭ 0.02, df ϭ 27, t-test; Fig. 8, left) , which returned to the baseline level after stimulation. On the other hand, release of 5-HT (Ϫ6.7 Ϯ 3.77%, P ϭ 0.18, df ϭ 37, t-test; Fig.  8, left) into the ventral horn was not significantly changed during NGC stimulation induced suppression of muscle tone.
As with NGC stimulation, NMC stimulation significantly decreased NE release in the ventral horn (Ϫ15.3 Ϯ 9.66%, P ϭ 0.002, df ϭ 25, t-test; Fig. 8, right) . NE levels in the ventral horn returned to the baseline level after NMC stimulation. 5-HT release into the ventral horn was also significantly decreased during NMC stimulation (Ϫ16.4 Ϯ 4.26%, P ϭ 0.008, df ϭ 21, t-test, Fig. 8, right) . Its level remained below the baseline level (Ϫ20.8 Ϯ 7.3%, P ϭ 0.007, df ϭ 21, t-test) after NMC stimulation.
AMINO ACID RELEASE IN THE VENTRAL HORN DURING MEDULLARY
STIMULATION. Changes in the release of the inhibitory amino acids, glycine and GABA, into the ventral horn were also found during medial medullary stimulation. Electrical stimulation of the NGC elicited an increase in glycine release in the ventral horn (19.6 Ϯ 6.43%, P ϭ 0.02, df ϭ 27, t-test; Fig. 9 , left). GABA release in the ventral horn was not changed during NGC stimulation (Ϫ3.9 Ϯ 6.17%, P ϭ 0.58, df ϭ 45, t-test; Fig. 9, left) . However, NMC stimulation significantly increased both glycine (7.8 Ϯ 3.5%, P ϭ 0.03, df ϭ 35, t-test; Fig. 9 , right) and GABA release (8 Ϯ 4.75%, P ϭ 0.04, df ϭ 37, t-test; Fig. 9, right) . Levels of both glycine and GABA release into the ventral horn returned to baseline after the cessation of stimulation of both NGC and NMC. Muscle tone suppression increased as intensity increased. Higher intensity stimulations also elicited eye movement. Bottom: intensity-and SWS-wake state dependence of muscle tone suppression induced by medial medullary stimulation. Baseline was taken from the 2-min average of integrated EMG activity immediately before stimulation. The same stimulation produced a greater inhibition during SWS than that in waking. Medial medullary stimulations across the same intensity range did not change muscle activity during REM sleep, a state in which muscle tone is normally absent. EMG, electromyogram; EOG, electrooculogram; S, marker of electrical stimulation. In contrast to the increased release of inhibitory amino acids, glutamate release into the spinal ventral horn was not changed from the baseline levels during NGC or NMC stimulationelicited muscle tone suppression (NGC stimulation: 2.4 Ϯ 6.65%, P ϭ 0.73, df ϭ 33, t-test; NMC stimulation: 0.43 Ϯ 3.32%, P ϭ 0.88, df ϭ 31, t-test; Fig. 10 ).
D I S C U S S I O N
Technical consideration
A head and body restrained animal has been widely used in the identification of the transmitters involved in the control of spinal neuron activity in REM sleep (Chase et al. 1986; Soja et al. 1987; Taepavarapruk et al. 2008 ). However, the restraint prevents head and neck responses and obscures limb responses. In the current study we have observed the effects of NGC and NMC stimulation in the unrestrained animal for the first time.
Electrical stimulation activates both cell bodies and passing fibers. Thus one may argue that the suppression of muscle tone and change in transmitter release in the ventral horn induced by the medullary stimulation may result from an activation of pontine reticulospinal fibers, involved in the generation of REM sleep atonia (Sakai 1981) . However, we believe the effects induced by medial medullary stimulation result from activation of medullary neurons adjacent to the electrode based on the following evidence. First, neurons in the pons project to the medial medulla (Lai et al. 1999; Luppi et al. 1988; Sakai 1980; Shiromani et al. 1990 ). Second, glutamate agonist injection into the NMC and acetylcholine (ACh) injection into the nucleus paramedianus elicit muscle atonia in the decerebrate (Hajnik et al. 2000; Lai and Siegel 1991) and chronic animal (Lai and Siegel 1988) . Third, the glutamate antagonist ␥-Dglutamylglycine, injected into the NMC, reversed pontine carbachol injection induced atonia, indicating that pontine regulation of muscle activity is mediated through the NMC (Lai and Siegel 1988 ). Finally, we found an increase in glutamate and ACh levels in the NMC and nucleus paramedianus during natural REM sleep in the freely moving cat (Kodama et al. 1992 (Kodama et al. , 1998 ).
In the present study, we found that the latency of medial medulla stimulation induced suppression of muscle tone in the freely moving animal was comparable to that in the decerebrate animal (Kohyama et al. 1998; Lai et al. 1987) . We showed that electrical stimulation of the medial medulla suppresses muscle tone in the neck, forelimb, and hindlimb musculature (Hajnik et al. 2000; Kohyama et al. 1998; Lai et al. 1987 ). In the current study we have focused on collecting dialysates for HPLC analysis from the lumbar ventral horn to avoid the possibility of respiratory effects from damage to the cervical ventral horn. Changes in transmitter release into the cervical and lumbar ventral horns during medullary stimulation may share the pattern we have observed in lumbosacral cord. 4 . State-dependent response to electrical stimulation in the medial medulla; 300-ms trains with 100-Hz and 50-A rectangular cathodal pulses failed to change muscle tone when the animal was awake. Stimulation with the same parameters applied to same site during the transition to SWS suppressed muscle tone. This stimulation did not change motor activity during the atonia of REM sleep but did elicit eye movements. Note that the time base differed across the displayed samples of SWS and REM sleep. EEG, electroencephalogram; EMG L and EMG R : left and right neck electromyogram; IEMG, integrated EMG from the left neck muscle. Calibration: 100 V.
Behavioral responses to the medullary stimulation
Activation of the medial medulla has long been known to inhibit somatic reflexes and suppress muscle tone in decerebrate animals (Hajnik et al. 2000; Karlsson and Blumberg 2005; Siegel 1988, 1991; Lai et al. 1987; Magoun and Rhines 1946; Sprague and Chambers 1954) . Consistent with studies in decerebrate animals, our present study showed that stimulation of the medial medulla suppressed muscle tone during waking and SWS bilaterally in the intact, freely moving animal. Behavioral responses to medial medullary stimulation in waking included suppression of neck muscle tone bilaterally and relaxation of the fore-and hindlimb. These changes are similar to motor changes seen in cataplexy. Cataplexy has been found to be linked to a marked increase in the activity of medullary neurons that are normally active only during REM sleep atonia . Lateral medullary stimulation produced unilateral or bilateral facilitation of the neck musculature accompanied by turning of the head, swallowing, or opening of the mouth, consistent with the motor activity correlates of activity in single reticular neurons recorded in the lateral medulla of unrestrained cats .
We found that the magnitude and pattern of medullary inhibition of motor activity are dependent on stimulation intensity and sleep state. Consistent with studies in decerebrate animals (Hajnik et al. 2000; Lai et al. 1987; Magoun 1950) , our current study also showed that sites that generated suppression of muscle activity in the freely moving cat are concentrated within 1 mm of the medullary midline.
In the present study we demonstrated that medial medullary stimulation produces a state-dependent effect on muscle tone in the freely moving animal. Using the same parameters, electrical stimulation applied to the medial medulla during SWS produced a larger suppression of muscle tone than that applied in waking. This effect may be partially due to the decreased activity of monoaminergic neurons in SWS. These neurons facilitate muscle tone in waking. We have previously shown that decreased activity of noradrenergic and serotonergic neurons is linked to muscle tone suppression in both REM sleep and cataplexy (John et al. 2004; Wu et al. 1999 Wu et al. , 2004 . We have also reported that the majority of medial reticular brain stem neurons related to motor activation have greatly reduced activity or are silent in SWS (Shouse et al. 1989; Siegel et al. 1981 . Most of these neurons are glutamatergic (Lai et al. 1993 (Lai et al. , 1999 . With the activity of these monoaminergic and glutamatergic facilitatory pathways already greatly reduced in SWS, the stimulus-induced activation of medial medullary inhibitory mechanisms is less likely to produce substantial depolarization of these excitatory reticulospinal neurons. Medial medullary stimulation will then produce an unopposed inhibition in SWS rather than the simultaneous inhibition and excitation likely triggered in waking.
Furthermore, the poststimulation facilitation of muscle tone that we see in some medullary areas with stimulation during waking was not found when stimulations were administered during SWS. The lack of poststimulation facilitation of muscle tone may have resulted from the suppression of sensory feedback during sleep. Neurons in the medial medulla respond to somatic noxious (pinching) and innocuous cutaneous stimuli (Drew et al. 1996; Nagata et al. 2003; Oliveras et al. 1989) . Somatosensory transmission has been reported to be decreased during drowsy and SWS states (Coenen 1995). Thus muscle tone suppression followed by motor activation induced by medial medullary stimulation in waking may be a forebrain (Brown 1913) and/or peripheral sensory feedback-mediated behavioral response that controls posture.
Inhibitory postsynaptic potentials can be induced by NGC stimulation during REM sleep (Chase et al. 1986 ). Since muscle tone is already absent during REM sleep, no further reduction occurs, as seen in the present study. However, we found that medial medullary stimulation during REM sleep, as well as during waking, that produced suppression of muscle activity, induces rapid eye movement, a phenomenon that has not previously been reported. Many laboratories (Aserinsky and Kleitman 1953; Chase and Morales 2005; Siegel 2005) have reported that phasic muscle excitation frequently accompanies rapid eye movement during REM sleep. The lack of such activity after stimulation of the medial medulla, as seen in the current study, suggests that medullary activity is not the source of these muscle twitches. Unit recording revealed that neuronal activity in the dorsolateral tegmental nucleus increases during myoclonic twitch with atonic muscle activity in the decerebrate infant rat (Karlsson et al. 2005) , indicating that the dorsolateral tegmental nucleus may be the source in the generation of phasic motor activity during REM sleep.
Transmitter release into the ventral horn during medullary stimulation-induced muscle atonia
We showed in our previous studies that medullary release of glutamate and corticotrophin-releasing factor are responsible for the NMC-induced suppression of muscle tone. However, NGCinduced suppression of muscle tone is not mediated by medullary neurons responding to these two transmitters (Lai and Siegel 1988 , 1992 . These results suggest that NMC and NGC control of muscle activity is mediated by different pathways (Fig. 11) .
We hypothesize that the PIA control of muscle activity is mediated by the NMC. Consistent with this hypothesis, in the present study we found that stimulation of the NMC increases GABA and glycine release and decreases NE and 5-HT release into the spinal ventral horn, a pattern that resembles that seen with PIA stimulation (Kodama et al. 2003; Lai et al. 2001 ). On the other hand, an increase in glycine release and a decrease in NE release were found during NGC stimulation, without an increase in GABA or decrease in 5-HT release.
It has been hypothesized that a glycinergic mechanism is involved in REM sleep atonia (Chase et al. 1986) . Glycinergic neurons in the medullary reticular formation are activated during REM sleeplike activity induced by pontine carbachol injection in the cat (Morales et al. 2006 ) and pontine bicuculline and kainate injection in the rat (Boissard et al. 2002) . However, systemic injection of strychnine, a glycine antagonist, failed to block the medullary stimulation-induced suppression of muscle rigidity in the decerebrate cat (Llinás 1964) , indicating that nonglycinergic mechanisms triggered by medullary stimulation are sufficient to suppress muscle tone. Report of a recent study concluded that infusion of strychnine, bicuculline, and strychnine mixed with bicuculline into the trigeminal motor and hypoglossal nuclei increases phasic but not tonic masseter and genioglossus muscle activity in REM sleep in the rat (Brooks and Peever 2008; Morrison et al. 2003) . This is consistent with our finding of a small but significant increase in glycine and GABA release during medullary stimulation in the present study. Phasic changes in glycine and GABA release during medullary stimulation would be expected to make a relatively small contribution to a dialysate collected continuously over a 5-min period.
Our current observations in the decerebrate cat showed that NGC stimulation increased glycine release and NMC stimulation increases both glycine and GABA release into the ventral horn with suppression of muscle tone. Glycine and GABA release in the ventral horn may come from either spinal interneurons, which contain glycine and GABA (Todd and Sullivan 1990) and are activated by medullary stimulation (Takakusaki et al. 2003) , or from reticulospinal glycinergic and GABAergic neurons. Glycinergic and GABAergic neurons in the NGC and NMC have been shown to project to the spinal cord (Holstege 1991; Holstege and Bongers 1991; Jones et al. 1991; Reichling and Basbaum 1990) . Medullary GABAergic neuron activity has been reported to be negatively correlated with muscle activity (Maloney et al. 2000) . Activation of medullary glycinergic and GABAergic neurons has been found in the rat recovering from REM sleep deprivation (Maloney et al. 2000; Sapin et al. 2009 ). However, the number of GABAergic neurons projecting from the NGC to the spinal cord is small (Jones et al. 1991). On the other hand, the NMC sends a substantial GABAergic projection to the spinal ventral horn (Holstege 1991) and inhibits motoneuronal activity (Holstege and Calkoen 1990). This may explain why we see that GABA release into the ventral horn is increased during NMC stimulation, but is not altered during NGC stimulation.
Our present study also showed a decrease in NE release into the ventral horn during NGC and NMC stimulations. Noradrenergic mechanisms have been shown to be involved in the modulation of motor activity. Prazosin, a noradrenergic ␣ 1 receptor antagonist, injected into the hypoglossal nucleus decreases hypoglossal nerve activity (Fenik et al. 2004 ). White and Neuman (1983) showed that iontophoretic application of NE into the spinal cord increases spinal motoneuron excitability. It has not been determined whether noradrenergic effects are mediated directly at the motoneuronal membrane or by adjacent interneurons. Schwartz et al. (2008) , working in anesthetized rats, found that NE had little effect on masseter motoneurons in the absence of glutamate. However, they concluded that in the unanesthetized animal, it is likely that NE in combination with waking levels of glutamate produces a potent facilitation of muscle tone. Thus NE appears to interact with glutamate in regulating tone.
The rostral medial medulla contains very few noradrenergic neurons (Jones and Beaudet 1987). These neurons do not project to the spinal cord (Westlund et al. 1983 (Westlund et al. , 1984 . Thus the decrease in NE release during NGC and NMC stimulation seen in the present study most likely resulted from an inhibition of the pontine noradrenergic groups (Fig. 11 ). Neurons in the medial medulla have been shown to project to the A5, A6, and A7 groups (Clark and Proudfit 1991; Jones and Yang 1985; Verret et al. 2006 ). Stimulation of sites in the medial medulla that suppress muscle tone consistently produces a profound inhibition of the activity of A6 LC neurons (Mileykovskiy et al. 2000) , which project to the spinal cord (Clark and Proudfit 1991; Fung et al. 1994; Lai and Barnes 1985) . Activation of locus ceruleus facilitates spinal motoneuron activity (Fung and Barnes 1987; Lai et al. 1989) , whereas cessation of locus ceruleus noradrenergic neuronal activity elicits cataplexy (Wu et al. 1999) .
Serotonin has been shown to increase motoneuron excitability (Fung and Barnes 1989; White and Fung 1989) and increase muscle tone in SWS and REM sleep (Jelev et al. 2001 ). Serotonergic spinal projecting neurons have been found in the NMC and medullary raphe nuclei (Bowker et al. 1983 ). However, spinally projecting serotonergic neurons were not found in the NGC. We found that 5-HT release into the ventral horn is decreased during NMC but not NGC stimulation. The decrease in 5-HT release into the ventral horn with NMC stimulation continued for 10 min after the cessation of stimulation. The long-lasting decrease in 5-HT release may be mediated by a local GABAergic inhibition of 5-HT neurons. Approximately 45% of synapses in the NMC and raphe nuclei are GABAergic (Cho and Basbaum 1991). The majority of GABAergic neurons in the NMC are interneurons and innervate the medullary and raphe descending neurons (Holmes et al. 1994; Reichling and Basbaum 1990) . Thus stimulation of the NMC may activate GABAergic interneuron activity, which in turn inhibits serotonergic neuronal activity and decreases 5-HT release into the spinal cord.
It has been hypothesized that a glutamatergic mechanism in the spinal cord is involved in the control of motor activity in REM sleep. Specific lesions of glutamatergic neurons in the supraolivary medulla, corresponding to the caudal medulla of the nucleus paramedianus in the cat, increase both tonic and phasic motor activity in REM sleep in the mouse (Vetrivelan et al. 2008 ). In the present study, changes in glutamate release into the ventral horn were not found during NGC and NMC stimulation. Thus the mechanisms that underlie rostral and caudal medial medulla roles in the control of muscle tone may differ, with GABAergic and glycinergic reticulospinal projections from the rostral medulla and glutamatergic projections from the caudal medulla contributing to REM sleep atonia.
FIG. 11. Hypothetical neural circuitry in the pontomedullary reticular formation and transmitters involved in the control of muscle tone. The red lines represent excitatory effects and blue lines represent inhibitory effects on target sites (arrows and circles). The filled and open circles represent known and unknown inhibitory transmitters. Activation of the locus ceruleus (LC) and medullary raphe nuclei (R) produced NE and 5-HT release into the spinal cord and increased motor activity. Activation of the pontine inhibitory area (PIA) either by electrical stimulation or by injection of cholinergic and glutamatergic agonists activates glutamatergic neurons, which project to the NMC and activate GABAergic and glycinergic spinal projecting neurons. Activation of both the PIA and NMC also inhibits LC and raphe neuronal activity. Thus an increase in inhibitory amino acids and a decrease in NE and 5-HT into the spinal cord are caused by stimulation of the PIA and the NMC. However, GABAergic and glycinergic projections from the PIA to the spinal cord cannot be ruled out. In contrast, stimulation of the NGC activates NGC glycinergic neuronal activity and inhibits LC noradrenergic neuronal activity, and thus increases glycine release and decreases NE release into the spinal cord. BC, brachium conjunctivum; CNF, cuneiform nucleus; Glu, glutamate; IC, inferior colliculus; TR, tegmental reticular nucleus.
